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KEY MESSAGES
 The paper provides evidence that NO2 and PM10 in the air may impair human memory.  This result is consistent with laboratory animal studies' finding of harm to the animal brain from air pollution.  It may contribute to an understanding of a potential transmission mechanism from air quality to risk of dementia.
INTRODUCTION
People feel less happy when there are high levels of nitrogen dioxide (NO2) in the region in which they live. One of the most important demonstrations of this was provided by MacKerron and Mourato (2009) using data on geographical districts across London.
Related prior evidence comes from Welsch (2006) and Rehdanz and Maddison (2008) .
However, might there be other ways in which wellbeing and the human mind are affected by air pollutants? This paper studies the possibility of a link between air quality and memory. We focus on NO2 levels and PM10 air particulates. This paper, more generally, is one of the first to pursue the little-studied microeconometrics of human memory.
Methodologically, we have been influenced by Luechinger (2009 Luechinger ( , 2014 and Bilger and Carrieri (2013) , and more broadly by Marcus (2017) . The paper may also relate to the scientific foundations of dementia, which is now one of the modern world's most fundamental health problems. Its consequences are known to be profound (Aguero-Torres et al. 1998 ). Yet, partly because the topic is difficult to study, the causal mechanisms are poorly understood.
The background is familiar to epidemiologists and health economists. It is known that air pollution is injurious to breathing and cardiovascular health (Bell, Zanobetti and Dominici 2013) . New research has documented other possible outcomes. There is evidence of potential damage to the structure of the adult human brain, and of adverse effects, under controlled laboratory conditions, upon non-human animals (Calderon-Garciduenas et al.
2008
; Killin et al. 2016) . Salvi et al. (2017) recently showed evidence of memory impairment in laboratory rats that were exposed to air pollution.
However, there remain two fundamental gaps in scientific knowledge about air pollution and its possible effects on the human brain.
First, are normal people, across the whole age-spectrum, at risk of memory impairment?

Second, is there causal evidence?
The answer to the first question is currently not known. Almost all research has been on populations of elderly men and women or in some rare instances on children (Weuve et al. 2012; Ailshire and Crimmins 2014) . Moreover, almost all research in human studies on this topic has been based on simple associations in the data. So far, therefore, it has not been possible, as a technical matter, for causal conclusions to be drawn, even though there is some cross-sectional support in the epidemiology literature for the hypothesis of a link between air pollution and dementia (Killin et al 2016) .
The current paper attempts to address these two lacunae --(i) the issue of population representativeness and (ii) issues of cause-and-effect. It goes on, below, to document new evidence, for the country of England, consistent with a causal connection between air quality (as measured particularly by nitrogen dioxide NO2 levels and PM10 particulates) and a measure of the average person's ability to remember words in a standard form of wordrecall test. The analysis draws upon a nationally representative data set. It also adjusts for people's characteristics, adopts a statistical method, instrumental-variable estimation, that can in principle allow identification, and probes the robustness of the relationship. The reason to use IV estimation is the usual one that a correlation between a regressor and the error term may arise due to (i) omitted variables, (ii) measurement error, or (iii) reverse causation. Since it is unlikely that impaired memory influences the pollution load, it seems that (i) and (ii) are possibly relevant concerns in the present case.
METHODS
The data set used is the so-called 'Understanding Society' UKHLS (the annual United Kingdom Household Longitudinal Survey), which is explained at, and is downloadable from, site https://www.understandingsociety.ac.uk. In one particular year, 2011, the survey participants completed a memory test. The full sample-size exceeds 34,000 randomly sampled individuals. Ten words had to be remembered (a similar measure is used in Bonsang, Adam, and Perelman 2012). People's answers were scored on an eleven-point scale from zero to ten. Two forms of test were administered --an immediate-recall test and a delayed-recall test. For the latter, the individual had to answer a number of other questions before being asked to recall the list of words. We have examined evidence on both forms of test but concentrate on the latter (the more challenging) delayed test.
Interviewers were given the following instructions: For this task, the computer reads a list of 10 words to standardize the presentation and speed of the word list. The main analysis in this study uses instrumental variable (IV) estimation. The instruments for air quality are twofold. They are: (i) population density, because factors like vehicles and home heating lead to air pollutants; and (ii) being a coastal district immediately on the west or south coast of England, because England has a prevailing southwesterly wind that means that particularly clean air comes in from the Atlantic Ocean. As is known to economists, although it seems less commonly used by epidemiologists, regression with instrumental variables is appropriate when the error term is believed to be correlated with the right-hand-side regressors in the equation. For an IV approach (that is, 2-stage least squares) to be valid, a rank and order condition have to be satisfied; sufficiently strong instruments are also required. An instrument is a variable that is correlated with the regressor in question but unrelated with the dependent variable other than through that regressor. Tables S1 and S2 give the means and standard deviations for the key variables in the data set, and the distribution of memory scores across the sampled population.
RAW PATTERNS
At the spatial level, if the mean values across the 318 geographical districts are calculated, there is a mild correlation between poor air and poor memory. Without regression adjustment, the simple Pearson's correlation coefficient between NO2 in an area
and memory-quality in the area (measured by the mean number of words recalled out of a possible maximum of ten) is -0.14. The equivalent correlation for memory and PM10 is -0.01. For completeness, it should be recorded that the Pearson's correlation coefficient between NO2 and PM10 is 0.80. The current paper will not attempt, in correlational analysis, to distinguish in any fine-grained way between their relative importance (thus it will not enter both NO2 and PM10 as independent variables within the same equation).
Maps of air quality are provided in Figures 1 and 2 . These give visual data for the entire UK, although the main regression analysis uses only English areas, because only England has complete data on air pollution that could be matched here to people's characteristics.
Particularly high-pollution areas are districts such as Kensington and Chelsea or
Islington. Both of these are in London. Particularly low-pollution areas are districts such as Devon or West Somerset. Both of these are close to the coastline in the far west of England. Table S1 in the supplementary appendix describes the frequency distribution of memory in England. Approximately 1.4 % of the population manage to obtain a perfect memory score of ten out of ten. At the lower end of the memory distribution, approximately 6.6% of the population can remember no words or at most just a single word out of the ten words. Later in the paper we will examine this group and view them as individuals with a 'severe' memory problem. Table S2 gives descriptive statistics on the sample.
RESULTS
The main statistical findings are reported in Tables 1-4 . We begin, each time, with ordinary least squares results and then give instrumental-variable ones.
In Model 1 of Table 1, There is a strong age gradient in memory; it is monotonic. Those older than 80 remember, on average, three and a half fewer words than those who are aged under 21. Table 1 Table 1 , as well as controls for the mean income levels in the localauthority districts, the mean deprivation levels in the local-authority districts, and a set of large-region dummy variables (there are 9 standard administrative regions in England).
Models 2 and 3 in
It can be seen from Table 1 that the estimates imply a negative association between memory and the level of nitrogen dioxide in the air of a local-authority district. Consider a comparison between the area with the cleanest air and the area with the most polluted air.
The estimates imply a predicted difference in human memory of approximately 0.5 of a word, on the zero to ten scale used in the memory test. Using the estimates on age in Table   1 , that would be equivalent to approximately the difference between being 61-70 years old rather than being 51-60 years old. At lower age-levels, it would be bigger than a 10 year age-equivalent difference.
We wish to caution that our analysis does not mean that if a person moved from
Devon to central London they would immediately suffer a drop in their ability to remember words. Our econometric work is unable to say anything about the dynamics of biological processes that might be at work (it seems possible, for instance, that memory perhaps erodes rather slowly with decades of exposure to polluted air). We are not alone: to our knowledge, no researchers have produced evidence of a straightforward kind on such dynamics. This seems an important scientific issue for future work. Table 2 , again for NO2 air pollution, reveals similar evidence. It gives the instrumental-variable estimates. Table 3 presents equivalent kinds of results for PM10 air particulates. In the full specification, in the right-hand corner of Table 3 , the coefficient on local-district PM10 is -0.031, with a confidence interval of [-0.05, -0.012] . Table 4 gives the equivalent instrumental-variable findings.
Next, for completeness, Table 5 reports the so-called first-stage equations for the application of instrumental variables. As explained, instruments for air quality are (i) population density and (ii) being a coastal district immediately on the west or south coast of England. The latter choice was inspired particularly by the seminal paper of Luechinger (2009); he uses wind direction and power-plant location, whereas we use wind direction and the fact that air from the Atlantic Ocean is clean. In the current sample, approximately 12.6% of English citizens reside in a south-west coastal area.
Consistent with intuition, Table 5 reveals that air pollutants are strongly related to both of our instrumental variables (ie., positively with population density; negatively with being somewhere on the south-west coastline). As a check, we tested whether coastal areas on the east coast were also disproportionately ones with clean air. That was approximately true; the estimated coefficient, however, was smaller. Diagnostic statistics on the instrumenting (at the foot of The possible consequences of air pollution for different age-groups might be considered (see also Menz and Welsch 2012) . Lastly, a previous version of the paper also provided all these kinds of calculations for immediate-recall data. The results, which are similar in character to the paper's delayedrecall findings, are available on request.
CONCLUSION
This study probes the possible links between the quality of human memory and the quality of air that people breathe. We do so in an admittedly simple way --by examining word-recall data for a nationally representative random sample of 34,000 English men and women who live in 318 different geographical areas. The paper does not focus on the extreme loss of memory that is a characteristic of dementia-like conditions. Instead, the paper's contribution is to inquire into the statistical determinants of human memory in more typical human beings. Kawas et al. (2003) has, however, shown that the quality of current memory is a predictor of the later risk of Alzheimer's disease.
To our knowledge, the analysis here is the first to be able to exploit a large, nationally representative sample of English citizens who complete a memory test. It is also apparently the first to use instrumental-variable estimation to try to tackle the problem that otherwise observational data can provide only associations between air pollution and cognitive westerly coastline and population density. As would be expected intuitively (and as we test more formally, with a J test among others, in the paper), these two are independently predictive of worse local air-quality, and better local air-quality, respectively. In principle,
by correcting an air-quality independent variable in the regression equation, instrumentalvariable methods allows consistent estimates of the size of causal effects of air pollutants to be obtained.
Nevertheless, a degree of caution is advisable and is particularly sensible in interpreting IV results in applied research. The limitations of this study are that it is not a formal RCT randomized trial; that some kind of subtle confounding can never entirely be ruled out; and that only one particular verbal kind of memory test is examined in this paper.
One other potentially valuable aspect of our study's results should perhaps be noted.
We find that areas like Kensington and Chelsea or Islington have the worst levels of air
pollution. Yet these districts, which are in London, contain many of the wealthiest and most privileged people in England. If, as seems likely, such individuals have unobservable cognitive advantages, it appears that the paper's empirical results are sufficiently strong that they are able to outweigh any possible biases produced by those unobservables.
Finally, it should be noted that in this data set we do not have information on how long an individual has lived in their particular geographical area. This means that some people in high-pollution areas were potentially previously living in low-pollution ones, and vice versa. However, this dark cloud has one silver lining. Measurement error created in this way will --for standard reasons of attenuation bias --tend to lead to an underestimate of the true coefficient on air pollution.
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